The necessity of offshore wind turbines to generate wind power is multifold and well known. The focus of offshore based wind farms are mainly due to abundant availability of unobstructed wind power and land use restriction. Therefore, the development of floating type supports for offshore wind turbines is getting more attention. In this paper the experimental and numerical investigation on the motion response of Spar supporting the wind turbine under regular waves is presented. The experiments were conducted in three stages viz. (a) Spar with stationary wind turbine under regular waves. b) Spar with rotating wind turbine under calm sea conditions. c) Spar with rotating turbine under regular waves. Numerical simulation of the Spar response due to incident waves and the wind turbine torque is carried out using AQWA software. The results obtained from experiments are then compared with that obtained from numerical analysis. The measured Response Amplitude Operator (RAO) compares well with that obtained from numerical analysis. The comparison of measured response and simulated response for wind turbine rotation case shows reasonable match. The combined effect of wind turbine rotation and incident wave on the hull response is 10%, 16% and 32% higher than that of the response due to incident wave alone for heave, surge and pitch responses respectively.
INTRODUCTION
The emerging need for the renewable and environmental friendly energy sources has led to a recent and growing interest towards the development of wind energy turbine technologies. The design of offshore wind farm depends on the supporting systems as they will be subjected to environmental loads arising from severe wind, wave and current loads. The existing technologies developed for offshore oil and gas exploration can only be used to a limited extent since these do not consider the dynamic interaction of the wind turbine with the floating system and vice-versa. So the design of the offshore wind turbines needs an attention to take care of interaction of the wind turbine system and the supporting system. For the present study, Spar has been chosen as the supporting structure for the wind turbine, since they are stable in heave and pitch motions due to deep draft and positive GM values. But, when the Spar is used as supporting structure for wind turbine, the motion response of the Spar and the tower may affect the performance of the wind turbine and hence accurate prediction is essential for the optimum operation.
From the literature review it is understood that limited work has been carried to understand the interaction between the wind turbine and the floater system. Therefore, the proposed experimental and numerical work is intended to provide a better understanding of motion response of the Spar due to the influence of operation of wind turbine. The experimental results have been compared with numerical simulation for validation purposes.
OBJECTIVE AND SCOPE OF THE STUDY
The objective of the present study is to investigate the motion response of the Spar supporting wind turbine system to regular and random waves and the coupled effect of wind turbine rotation on the total response. The scope of the work consists of the following:
• Design of a Spar hull to support a 5MW wind turbine suitable for deployment in Indian coastal water at a water depth of 250 m.
• Numerical investigation of motion response of the Spar with wind turbine.
• Conduct experimental studies in the wave basin using a scale model of the Spar and wind turbine to measure the motion response in regular waves. Experiments to be conducted for the following three scenarios.
-Spar subjected to sea conditions with turbine blades in stationary position (CASE I) -Spar with no wave but turbine blades rotating at the operating speed (CASE II) -Spar subjected to sea conditions with turbine blades rotating at the operating speed (CASE III) • V alidation of numerical model using the experimental studies. 
EXPERIMENTAL INVESTIGATION 4.1 Model
The Spar is designed for a topside weight of 2500 Tonnes (Prototype), which corresponds to the weight of the wind turbine tower, blades and the hub. The Spar model is fabricated using the Perspex (acrylic) tube with the scale ratio of (1:75). The wind turbine tower and the blades were fabricated using Fiber Reinforced Plastic (FRP) (Fig. 1) . The Spar is made of acrylic tube of outer diameter 0.2 m and thickness 5 mm. The thickness of the Spar is selected in such a way to suit the mass distribution as per the prototype. The total length of the Spar is 1.72 m of which 1.5 m is the draft and 0.22 m is the freeboard. The bottom of the Spar is closed with a circular acrylic plate of 0.02 m thick, diameter of 0.19 m with threaded connection to facilitate the fixing of the steel plates, which are used as fixed ballast. And the topside of the spar is provided with the acrylic plate of 0.3 m diameter and 0.01 m thick to accommodate the wind turbine tower base. The turbine tower is of 1.2 m height with 0.05 m diameter at the top and 0.08 m diameter at the base of thickness 0.002 m (hollow conical frustum). The turbine blades were also fabricated in FRP, in which the profiles of the blades are as per the 5MW NREL wind turbine. A variable speed DC motor was placed on top of the turbine tower to facilitate the rotation of the turbine blades at various speeds to simulate the wind turbine operating condition. The model is moored to the floor using four mooring wires. The placement of nacelle and the turbine blades at the top of the mast with an eccentricity (out of centerline of mast) makes the floating system to tilt even without the external forces from wave or wind. In order to provide for this tilt, the hull system shall be designed with appropriate ballasting arrangement. In this case, the static stability calculations were carried out with solid ballast (to be placed at the bottom) and the calculated GM is 0.20 m (scale model). The inherent instability of spar platforms with static wind force has also been considered in this effect. The total acceptable wind heel angle is taken as 10 degrees as per Butterfield et al (2007) . The details of the Spar with wind turbine are shown in Table 1 . Fig. 2 . The experimental setup is shown in Fig. 3 . A resistance type wave probe is placed at 2 m from the model to measure the incident wave surface elevation. The measurement of surge, heave accelerations is carried out using piezoelectric ICP accelerometers with a sensitivity of 1000 mV/g. The pitch angles are measured using dual axes inclinometer with an accuracy of 0.1 o , and these instruments were placed at the deck level of the Spar to measure the motion responses. 3mm diameter steel wires is used as mooring lines for the model study and forces in the mooring lines are measured using single component load cell with a maximum capacity of 25 N. Foil type strain gauges of 3 mm length is used in conjunction with Wheatstone bridge. The measured responses were recorded in a digital computer by A/D converter. The experiments were conducted for different wave heights (4 cm and 8 cm) and different wave periods (1 sec-3 sec at 0.25 sec interval).
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Free Decay Test
Free decay tests were carried out to determine the natural period and hydrodynamic damping for Spar. Free decay tests were conducted in still water by imposing vertical displacements for heave and rotation angles for pitch mode. Fig. 8 (a) and (b) shows the records of displacement history in heave and pitch directions respectively. The natural period and damping ratio are calculated using logarithmic decrement method. Logarithmic decrement, δ, is used to find the damping ratio of an under damped system in the time
Where x 0 is the greater of the two amplitudes and x n is the amplitude of a peak n periods away. The damping ratio is then found from the logarithmic decrement:
The damping ratio can then be used to find the undamped natural frequency ω n of vibration of the system from the damped natural frequency ω d : 
Where T, the period of the waveform, is the time between two successive amplitude peaks. The natural frequency and natural time period can then be found:
The viscous damping is determined using the following expressions Heave damping (5) Pitch damping (6) Where M is the mass of the system, and are added mass of the system in heave and pitch. The free decay tests were conducted for three different displacements (4 cm, 8 cm and 12 cm) for heave and rotational angles (6 deg, 10 deg and 15 deg) for pitch to get the variation of damping with respect to the amplitude of the motion. The tests were repeated three times and the variation of results are noted. Standard deviation and variance are calculated from mean damping values. The maximum variance obtained is 0.0008 which is sufficiently low to confirm the repeatability of the tests. It can be observed from Fig. 9 that as the amplitude of the motion increases, the damping also increases. This is due to the fact that as the amplitude of the motion increases, the radiated waves are increased and hence the damping. The computed average natural period and the damping ratio are summarized in Table 2 . The natural period of the proposed system in prototype (scale of 1:75) is 22 sec and 40.7 sec for heave and pitch respectively. This is similar to the range of natural periods available in the literature.
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Natural Period Damping Ratio
Heave 2.54 sec 2% Pitch 4.7 sec 3% Table 2 . Natural period and damping ratio of scale model
Measured Response of the System
The experiments were conducted for two different wave heights (4 cm and 8 cm), for the wave periods of (1 sec to 3 sec with 0.25 sec interval). The test runs were repeated three times for all the wave periods and wave heights to ensure the repeatability of the experiments. The time series of the responses from wave probe, accelerometers and inclinometer are recorded simultaneously for duration of 40-50sec through a data acquisition system into a computer. The measured time histories of wave elevation and corresponding surge, heave and pitch responses are shown in Fig X 1 = Surge, X 2 =Sway, X 3 =Heave, X 4 =Roll, X 5 =Pitch, X 6 =Yaw computational surface reduced to the submerged or wetted surface rather than the domain. With help of the Green's theorem, the Laplace equation can be transformed into boundary integral equations for unknown velocity potential over the submerged body. Then the Boundary Integral Equation Method (BIEM) is used to solve for velocity potential, pressure on the submerged body. The software is capable of handling diffracting, non-diffracting elements, disks, cable elements, multi body interaction, floating, submerged or fixed structures etc. The coordinate system and the fluid boundaries used in the investigation are shown Fig. 11 . The governing equation for motion of a floating body can be described by the following equation in six degrees of freedom.
Where M is the body mass matrix, A is added mass, B is the damping matrix, C is the restoring coefficient matrix, {F} is the hydrodynamic force vector, {ẍ} is the acceleration vector, {x˙} is the velocity vector and is the displacement vector. Spar with wind turbine model is simulated in 3D modeling software called "Design Modular" which is available in the software package (Fig. 12) . The surface profile thus simulated is exported to AQWA LINE for hydrostatic and hydrodynamic analysis with externally input data of centre of gravity, mass of the structure, radius of gyration, etc., (Table 3) . Since the solution is based on the potential flow theory, viscous damping is not included. Hence viscous damping shall be input as an external damping to the system, which is obtained from free decay tests. The software only could take single damping value and damping value corresponding to natural frequency of the system is used (Table 4) . Finally the time domain analysis was carried out in AQWA-NAUT to get the motion response of the structure. The Spar with wind turbine subjected to waves and the turbine blades in operating condition is analyzed by applying external moment i.e. the torque which is generated due to the rotation of the wind turbine. The moment is generated by the equation (8) Where M j is the moment for the degree of freedom j, C j (θ) is the coefficient value for a relative angle of incidence θ of wind, v is the velocity of wind and ẋ is the velocity of the structure. The moment is defined in the particular degree of freedom j, and it will be incorporated in the force vector in equation (7). Thus the simulation of Spar with wind turbine has been carried out for the two cases, (i.e.) with turbine blades in stationary position and with turbine blades rotating at the operating speed. The analysis has been carried out for three mooring configuration, slack, taut 30°and taut 45°. 
RESULTS AND DISCUSSIONS
The results of motion responses (Heave, Surge and Pitch) obtained from experiments and numerical analysis are presented in the form of Response Amplitude Operator (RAO) for the scale model. Variation of surge, heave and pitch RAO with the wave periods, comparison of RAO for Spar with turbine blades in stationary and rotating condition, effect of mooring line configuration on the motion response and the variation of mooring force RAO are discussed in this section. The surge response measured at the deck level of the Spar has been translated to center of gravity of the Spar, since the results obtained from the numerical simulation is at the center of gravity of the Spar. As mentioned in section 2, the experiments were conducted for three conditions, i.e. Case I: Spar subjected to sea conditions with turbine blades in stationary position Case II:
Spar with no wave but turbine blades rotating at the operating speed Case III:
Spar subjected to sea conditions with turbine blades rotating at the operating speed The schemes of experimental investigation carried out on models are presented as flow chart and is shown in Fig.4 . The flow chart showing wave environment conditions adopted for experimental investigation on scale models is given in Fig. 5 . The definition sketch for different cases of experimental investigation is given in Figs. 6 and 7.
Effect of Turbine Rotation on RAO
The comparison of measured heave, surge and pitch RAO of Spar with wind turbine in stationary condition and in operating condition for wave height (H) of 4 cm with slack mooring is shown in Fig. 13 . The surge RAO is observed to be increasing with the increase in wave periods for both the Cases (I and III). It can be observed from Fig. 13(a) that influence of the rotation of the turbine blades has increased the surge RAO by 20% at the lower wave periods, whereas at the higher wave periods, the surge RAO is increased by about 40%. Maximum increase of 50% is observed at the heave peak period in surge RAO for the Spar with turbine blades in rotating condition when compared with blades in stationary condition. The heave RAO (Fig. 13(b) ) for both the Cases (I and III) can be observed to increase with the increase in wave period up to the heave natural period, after which the RAO decreases with increase in wave period. The heave RAO has not significantly affected by rotation of turbine blades at the lower wave periods when compared with Spar with stationary blades. But at the higher wave periods the RAO has increased by about 20% due to rotation of turbine blades. Similar to the surge RAO, the pitch RAO increases with the increase in wave period. The pitch RAO (Fig. 13(c) ) has increased marginally by 10% for all the wave period, except at maximum wave period in the tested range, at which it is increased by 30% for the Spar with turbine blades in operating condition. Significant increase in response is observed in surge and pitch due to rotation of the turbine blades.
In case of Spar, the BM (distance between the centre of buoyancy (B) and the Metacentre (M)) is very small due to relative small moment of inertia of water plane area to displacement. The instantaneous change in Center of buoyancy (B) due to the incident wave as well as the turbine rotation will further reduce the BM value. Thus the pitch restoring moment is reduced due to the rotation of turbines. Hence the motion response in pitch direction is increased in Case III when compared with Case I. As far as heave is concerned, the water plane area is not much altered due to the rotation of the blades. So the heave response is not significantly affected by the turbine blades rotation. The surge response is increased because of the thrust created by the rotation of the blades, which can be observed clearly from Fig. 14(a) . Hence the rotation of turbine blades has influenced the surge and the pitch motions of the system significantly. 
Influence of the Turbine Rotation in Calm Sea Condition: Case II
The time history of surge and heave response when the turbine blades are rotating in operating speed in calm sea state is shown in Fig.14 . The turbines blades were allowed to rotate at an rpm of 105 which corresponds to 12.1 rpm in the prototype scale, with the help of the variable speed DC motor. Constant rpm is maintained throughout the experiment assuming a steady state condition. Thus the motion response of the structure only due to the rotation of the blades was recorded. It is observed from the Fig. 14 that the influence of the turbine rotation on the motion response is very less (i.e. the amplitude of the response for surge is 0.8 cm and for heave is 0.2 cm). A second order response can be observed from the Fig. 14 , in which the high frequency response is due to frequency with which the turbine blades rotates, whereas the low frequency response is because of the thrust created by the operation of the blades.
Effect of Mooring Line on RAO
The measured motion response of Spar with wind turbine with three different mooring configurations for Case I and Case III is shown in Fig. 15 and 16 . Peak or the maximum RAO in the tested range for three mooring configuration is shown in Table 5 . The surge RAO is not significantly affected with the change in mooring line configuration at the lower wave periods for both the Cases (I and III), whereas at the higher wave periods it is reduced by 25% for taut 30°and 30% for taut 45°for Case I, and for Case III the surge RAO is reduced by 7% and 17% for taut 30°and taut 45°when compared with slack mooring. Similar to surge RAO, at the lower periods there is not much change in heave RAO with change in mooring configuration. But at the heave natural period, the heave RAO is reduced by 60% for taut 30°and 110% for taut 45°when compared with slack mooring for both, Case I and Case III. In case of pitch RAO, the influence of change in mooring configuration is observed throughout all the wave periods for both the Cases (I and III). The RAO is reduced by about 20%-30% for taut 30°and taut 45°at the lower periods for both the cases, when compared with slack mooring. The pitch RAO is reduced by 50% for taut 30°and 60% for taut 45°respectively, at higher wave periods when compared with slack mooring for Case I, whereas in Case III it is reduced by 25% and 30% for taut 30°and taut 45°mooring. In all the three mooring configuration the peak/maximum RAO of Spar with rotating blades is higher than that of Spar with stationary blades by 10 to 20%. (Fig. 17(a), (b) ) matches very well with that of the simulated RAO and the maximum difference of 15% at the higher wave periods for Case I. In case of pitch RAO (Fig. 17(c) ) the simulated RAOs are slightly lower than the measured RAOs with an average difference of 15% for all the wave periods in the tested range. For Case III the surge RAO (Fig. 18(a) ) obtained from experiments are higher than that of the simulated RAO with an average difference of 12%. The measured heave RAO (Fig. 18(b) ) for Case III matches reasonably well with that obtained from numerical simulation at the lower range of wave periods. At the higher wave periods, a difference of 20% is observed. This may be due to the use of constant viscous damping for all the frequency range in the numerical analysis. The comparison of measured and simulated pitch RAO is shown in Fig. 18(c) . The measured and numerically calculated pitch RAO shows good agreement throughout the wave period range with a difference of 20%. Similar trends were observed for taut 30°and taut 45°mooring configuration.
Mooring Force RAO
The measured mooring force response is presented in the form of RAO (mooring force per wave amplitude).The mooring force RAO increases with the increase in wave period. It reaches the peak value at the heave natural period and gets decreased with increase in wave period. Fig. 19(a) shows the comparison of mooring line forces for taut 30°and taut 45°for Case III. The mooring force RAO for taut 45°is higher than the taut 30°mooring force RAO for all the wave periods. The RAO is increased Nallayarasu S. and Saravanapriya S. by about 50-60% for taut 45°. The mooring force RAO for Case III is increased to a maximum of 25% at the heave natural period when compared with that of the Case I which is shown in Fig. 19(b) for taut 30°mooring configuration. This is due to the fact that the response of the system for Case III is higher than Case I and hence the mooring force. Fig. 19(c) shows the comparison of mooring force RAO in the seaward and leeward side of the model. It is observed that the forces on the seaward and the leeward are almost same with a maximum difference of 20% at the higher wave periods.
Influence of wave steepness
The measured surge, heave and pitch RAO for two wave steepness values of 0.004 and 0.008 is shown in Fig. 20 . The maximum surge RAO in the tested range for the two wave steepness 0.004 and 0.008 are 1.5cm/cm and 1.6cm/cm respectively. The trend of RAO indicates the surge RAO increases with increase in wave steepness of about 10%. The surge RAO shows a consistent trend of higher RAO with higher wave steepness except at lower wave periods. The heave RAO for two wave steepness is shown in Fig. 20(b) . The trend of the RAO shows that there is no significant change in heave RAO with respect to the wave steepness. Fig 20(c) shows the influence of wave steepness on pitch RAO. The pitch RAO increases with increase in wave steepness for all wave periods in the tested range. The increase of the pitch RAO with wave steepness is about 10%. Hence it can be concluded that the influence of the wave steepness on the motion responses of the system can be considered marginal.
Performance Evaluation
For offshore locations in the east coast of India, the design wave period is around 10.4 sec and 14 sec for operating and the survival condition respectively. The effect of wave steepness on hydrodynamic response of the Spar is found to be marginal, which is explained in section 6.6 and also discussed in detail by Sudhakar and Nallayarasu (2011) and hence the nonlinear effect on RAO due to increase in wave height can be ignored.
The motion response of the Spar with wind turbine obtained from the experiments (converted to prototype) are compared with acceptance criteria for the Indian coast and shown in Table 6 . It is observed from the table that the Spar designed as a support structure the response for the wind turbine is capable of operating under these conditions, since values are within the acceptable limits. Table 6 . Performance evaluation of the Spar with wind turbine (Prototype)
CONCLUSIONS
In the present study, experimental and numerical investigations were conducted for the Spar to support the wind turbine. The experiments were carried out in the laboratory wave basin in 1:75 scale model of Spar with wind turbine. The numerical investigation was carried using software tool Ansys AQWA. The motion response of the system in terms of RAO (surge, heave and pitch) are presented and discussed.
The following conclusions were drawn from the study.
• The surge and pitch RAO of Spar with turbine blades in operating condition are increased by 15% and 30% when compared with the turbine blades in stationary position at the higher wave periods, though significant difference were not observed at lower wave periods for slack mooring. Similar trends were observed for taut 30°and taut 45°mooring configuration.
•
The heave RAO is increased by 10% for the Spar with wind turbine blades in operating condition when compared with the Spar turbine blades in stationary position at the heave natural period.
• The measured amplitude of the response for the Spar when turbines blades are rotated at operating speed under calm sea state is found to be very less.
The surge and pitch RAO are reduced by 25%and 50% for taut 30°and 30% and 60% for taut 45°respectively, at higher wave periods when compared with slack mooring for the Spar with turbine blades in stationary condition.
• For the Spar with wind turbines in operating condition, surge RAO is reduced by 7% and 17% for taut 30°and taut 45°when compared with slack mooring and the pitch RAO is reduced by 25% and 30% for taut 30°and taut 45°mooring.
The heave RAO is reduced by 60% for taut 30°and 110% for taut 45°when compared with slack mooring for Spar with the turbine blades in stationary and rotating condition at the peak period.
• The experimentally measured RAOs are matches very well with the numerically simulated results with a maximum difference of 15%.
The motion response of the Spar with wind turbine is within the acceptable limits for survival and operational conditions.
